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The Transition from Shallow to Deep 
Penetration during Electron Beam Welding 

Empirical relationships were developed that can be used to 
predict penetration depth over a wide range of parameters 

BY J. W. ELMER, W. H. GIEDT AND T. W. EAGAR 

ABSTRACT. Electron beam partial-pene- 
(ration welds were made on 2024 alumi- 
num and 304 stainless steel at travel 
speeds from 6.4 to 3200 mm/s (0.25 to 
126 in./$. Different combinations of beam 
current and travel speed were selected to 
achieve a wide range of energy densities 
for three different power density beams, 
while the use of aluminum and stainless 
steel provided results for materials with 
widely different thermal properties. The 
cross-sectional shapes of the resulting 
welds were metallographically measured 
to determine relationships between the 
welding machine parameters (power, 
beam diameter and travel speed) and the 
depth of penetration. The results of this 
study show that the heating effect of an 
electron beam can be interpreted as be- 
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ing produced by a distributed, point or line 
heat source, depending on the energy 
density and the power density of the 
electron beam. A critical energy density 
was defined such that, for energy densi- 
ties below this value, the weld behaves in 
a distributed-source mode for each of the 
three power densities studied. However, 
for energy densities above the critical 
value, the weld behaves in a point-source 
mode at low-power densities or in a line- 
source mode at high-power densities. This 
critical energy density was found to be a 
material-dependent property, and it was 
measured to be 6 J/mm2 for 2024 Al and 
10 j/mm2 for 304 stainless steel. 
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Introduction 

Relationships between welding param- 
eters and the geometric shape of the weld 
pool were investigated by Rosenthal (Ref. 
1) in 1946 and Christensen, et at. (Ref. 2), 
in 1965. These studies describe the rela- 
tionship between the welding machine 
settings and the geometric shape of the 
fusion zone for low-power-density arc 
welds, and the authors utilize the point- 
source approximation to represent the 
heating effect of the welding source. This 
approach assumes an infinite heat-source 
intensity that is unrealistic; however, de- 
spite this assumption, the point-source 
model predicts the melting-point isotherm 
reasonably well. Christensen, et at., sub- 
stantiated this model by experimentally 
confirming its validity over a wide range of 
arc welding parameters and material prop- 
erties. 

More realistic physical descriptions of 
the welding process were later developed 
to account for the distributed-heat-source 
nature of the welding arc. For example, 
Eagar and Tsai (Ref. 3) assumed a Gaussian 
energy distribution and predicted the geo- 
metric shape of welds for distributed 
heating on the surface of the workpiece. 
Their model agrees with the point-source , 

solution as the width of the Gaussian dis- 
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tribution approaches zero, and this com- 
plements the point-source solution, allow- 
ing the weld-pool shape to be predicted 
for different welding-power and elec- 
trode-gap conditions. This model helped 
to explain experimental scatter associated 
with the point-source predictions; how- 
ever, it is more complicated than the 
point-source model and requires a numer- 
ical integration technique for solution. 

Both the point-source and the distribut- 
ed-source models are based on the as- 
sumption that the heating effect is limited 
to the surface of the workpiece. These 
conditions exist for low- and intermediate- 
current arc welds that have power densi- 
ties of approximately lo2 W/mm2. How- 
ever, this assumption is frequently invalid 
for high-power-density (HPD) welding 
conditions that use electron beam (EB) or 
laser beam (LB) processes. For example, 
HPD welds can be made at power densi- 
ties up to lo5 w/mm2, and under these 
conditions the workpiece is vaporized, 
creating a cavity that allows the heat to be 
deposited below its surface. 

Many investigators have studied the ef- 
fects that welding parameters have on the 
depth of penetration in HPD welds. Most 
of these investigations have been con- 
cerned with the deep keyhole mode of 
penetration, which is generally modeled 
with the moving-line-source conduction 
solution for the quasi-steady temperature 
field. This approach was first applied by 
Rosenthal (Ref. 1) to model the arc weld- 
ing of thin plates, and it can also be applied 
to LB and EB welds when a vapor cavity is 
formed. 

In 1973, Swift-Hook and Gick (Ref. 4) 
utilized the line-source solution by defin- 
ing the melt isotherm as a boundary con- 
dition that represents the extent of the 
vapor cavity and surrounding liquid. They 
applied the resulting equation to LB welds 
and demonstrated that the model corre- 
lates well with experiments, provided the 
amount of energy absorbed by the work- 
piece is known. More recently, Giedt and 
coworkers have studied HPD welds by 
modeling the vapor cavity and surround- 
ing liquid as a moving elliptical-cylinder 
(Ref. 5). They accounted for the nonuni- 
form cavity shape with depth of penetra- 

Table 1-Beam Diameter and Average 
Power Density as a Function of Beam 
Current at 100 kV 

Beam f f - 
Current Measured Corrected PO 

(mA) (mm) (mrn) (W/mm2) 

tion (Ref. 6), and they experimentally ver- 
ified their results through a comparison 
with EB welding data. 

Although these studies have been very 
thorough, there are many examples where 
the moving line-source and elliptical-cyl- 
inder models do not apply. A case in point 
is EB welds that are made at energy den- 
sities that are too low to create a vapor 
cavity. This situation is common in high- 
travel-speed welds, and results in pene- 
trations that are more shallow than pre- 
dicted by the line-source models. Under 
these conditions, the heat is transferred 
primarily to the surface of the workpiece, 
and the resulting welds may have depth- 
to-width ratios less than 1:10 (Ref. 7). For 
both the deep and shallow penetration 
cases, the depth-to-width ratio varies con- 
siderably from its ideal value of 1:2 pre- 
dicted by the point-source solutions. 

This study was initiated to investigate 
the parameters that control the geometric 
shape of the fusion zone in EB welds over 
the wide range of conditions that are 
available with current welding equipment. 
The objectives of the study were: 1) to 
define the conditions for the transition of 
heat-distribution modes during EB weld- 
ing, based on the average energy density 
and the average power density incident 
on the surface of the workpiece; and 2) to 
determine relationships between the 
welding parameters and penetration for 
both the high-energy-density keyhole and 
the low-energy-density surface-modifica- 
tion conditions. The results of this study 
emphasize the wide range of cross-sec- 
tional fusion zone shapes that can be pro- 
duced by the EB process and show that 
these shapes can be predicted from the EB 
welding parameters. 

Experimental Procedure 

High-Power-Density Welding Parameters 

Three parameters were used to char- 
acterize the HPD process: 1) the power 
density incident on the workpiece, Po, 2) 
the energy density absorbed by the work- 
piece, Eo, and 3) the energy absorbed per 
unit length of weld, EL. In this investigation, 
the average value of the energy density, 
power density and energy per unit length 
of weld will be used to represent the 
heating effect of the electron beam, and 
these parameters will be denoted by a bar 
placed over the appropriate symbol. 

The average power density, Po, is the 
ratio of the EB power, P, to the beam area, 
A, at the workpiece surface: 

where P is defined as the product of the 
accelerating voltage and the EB current 
(P = I X V), and where A is the area of a 
circle of focal spot diameter f. - 

The average energy density, Eo, is the 
average amount of energy absorbed per 

unit area on the surface of the workpiece: 

where S is the travel speed of the work- ,.-, 
piece and f is again the focal spot diame- 
ter. This equation assumes that the effi- 
ciency of the electron beam (ratio of the 
energy incident on the surface of the 
metal to the energy absorbed by the 
metal) is unity. Actual EB efficiencies are 
typically about 0.95 for stainless steel 
alloys (Ref. 4). 

Finally, the average energy absorbed 
per unit length of weld, EL, is the product 
of the average energy density and the fo- 
cal spot diameter: 

For the purpose of calculating effects of EB 
parameters on the shape of the fusion 
zone, Eo, PO, and EL are important because 
they influence heat distribution mode. 

Beam Diameter and Power Density 

The effective beam diameter was mea- 
sured by sharply focusing the beam on a 
tungsten block and measuring the diame- 
ter through the 5X magnifying optics. 
These observations show that the highest- 
intensity light is emitted from a disk- 
shaped region at the center of the beam. 
Outside this region, the intensity of the 
emitted light decreases quickly in a narrow 
"halo" that surrounds the center of the ? 
electron beam. The center disk of the 
electron beam was used as the parameter 
to represent the beam diameter, and the 
disk was measured at 100 kV for six EB 
currents ranging from 3 to 14 mA. 

Measurements of EB current-density 
distributions, made with a modified Fara- 
day cup, suggest that the tungsten block 
is only accurate for EB diameters for beam 
currents below about 10 mA (Ref. 8). At 
higher current levels, the true beam diam- 
eter is less than that measured on the 
tungsten block; therefore, corrections 
were required for the diameters mea- 
sured on the high current beams. 

The measured and corrected focal spot 
diameters are listed in Table 1, showing 
that the 12 and 14 mA beam diameters 
were reduced 12% and 18%, respectively. 
These corrected values are consistent 
with the extrapolated values of the lower 
mA beam diameters, and they are qualita- 
tively consistent with the modified Fara- 
day cup results of Surgardt (Ref. 8). The 
average power density was calculated 
from the corrected focal spot diameters 
using Equation 1, and the results show that - 
PO increases with increasing EB current 
from about 4.0 X lo3 W/mm2 at 3 mA to 
5.7 X lo3 w/mm2 at 14 mA. 

-, 

Material Properties 

The EB tests were bead-on-plate welds 
made on Type 304 stainless steel (68.8 Fe, 

168-s 1 MAY 1990 



10.2 Ni, 18.0 Cr, 1.7 Mn, 0.051 C, and 
0.055 N wt-%) and Type 2024 aluminum 
(92.5 Al, 4.30 Cu, 1.65 Mg, 0.27 Fe, 0.18 
Si, 0.02 Cr wt-%). The chemical composi- 
tions of the specimens used were mea- 
sured by emission spectroscopy and gas- 
fusion interstitial analysis. Physical prop- 
erty data for these alloys are listed in Table 
2, representing the average value be- 
tween room temperature and the melting 
temperature (Refs. 6,9). In Table 2, k is the 
thermal conductivity, Hf is the latent heat 
of fusion, Cp is the heat capacity, p is the 
density, a is the thermal diffusivity, and OM 
is the temperature rise in the workpiece. 

EB Machine Settings 

Single-pass welds were made across 
the 38-mm (1.5-in.) width of 6.3-mm (0.25- 
in.) thick coupons, using an electron beam 
that was focused on the surface of the 
coupon. The EB test conditions are sum- 
marized in Table 3, which gives the travel 
speed, the beam current and the average 
energy per unit length of weld for 30 dif- 
ferent test conditions on each alloy. These 
tests were conducted at three different 
power levels and ten travel speeds to 
produce a wide range of energy densities. 
These tests were conducted on a Hamil- 
ton-Standard model W-2 welding ma- 
chine, with a hairpin filament. 

Results 

The locations on the weld pool that de- 
fine the melt depth (D), width (W) and 
length (L) are illustrated in Fig. 1. Each of 
these dimensions was measured on the 
resolidified melts by postweld metallo- 
graphic analysis, and the results are sum- 
marized in Table 4. 

The depth and width of the weld pools 
were measured from metallographic 
cross-sections taken on the plane perpen- 
dicular to the welding direction. The 
lengths of the low-speed weld pools (S 
< 100 mm/s) were metallographically 
measured on longitudinal sections along 
the center of the fusion zone. 

The length of the high-speed weld 
pools (S > 100 mm/s) could not be met- 
allographically measured because of a lack 
of solidification striations at high speeds. 
Therefore, the lengths of these weld 
pools were estimated from the weld rip- 
ple lags on the surfaces of the workpieces 
at 50X magnification. 

Interpretation of Results 
Operating Parameter Relationships 

The geometric shapes of the EB weld 
pools were compared with distributed 
source, point source, and line source 
heat-conduction models. These compari- 
sons indicate that each model can be used 
to represent certain EB welding regimes, 
but that none of the models can be used 

to represent all of the data. These models 
represent the three basic heating-source 
modes, and will be used as references to 
compare the experimental data. 

Prior to introduction of these models, 
the EB data will first be plotted on one set 
of coordinates to illustrate the inability of 
a single model to represent the geometric 
shape of EB welds that are made over a 
wide range of travel speeds. Here, the 
coordinates that were selected to repre- 
sent the data are those developed by 
Christensen, ef at. (Ref. 2), and they are 
referred to as operating parameter plots. 

The thermal properties of the material 
influence the rate at which heat is trans- 
ferred from the surface; and therefore 
they influence the geometric shape of the 
weld pool. Christensen, ef a/., accounted 
for the thermal properties of different al- 
loys by defining dimensionless parameters 
that are analogous to the thermal Peclet 
number for forced convection in fluid dy- 
namics. These were a dimensionless depth 
(D*), width (W*) and length (L*), which 
are related to the actual depth (D), width 
(W) and length (L) of the weld pool as fol- 
lows: 

where S is the travel speed and a is the 

- -- 

Table 2-Physical Properties of 304 Stainless 
Steel and 2024 Al 

Stainless 
Property Units Steel Al 

P (g/rnm3) 0.0079 0.0027 
k W/mrn K 0.025 0.175 
HF (j/mm3) 2.13 1.07 
CP (J/g K) 0.5 1.05 

a = k/(pCp) (rnrn2/s) 4.5 67 
QM = TM - To (K) 1408 570 

HM = pCneM + Hp (J/rnm3) 7.70 2.68 

thermal diffusivity of the solid. 
The power of the heat source was in- 

cluded in a dimensionless "operating pa- 
rameter," n, which was defined as fol- 
lows: 

n = 
PS 

4na2cpeMp ' (5) 

where the quantity CpQMp is the amount 
of heat required to bring the alloy up to 
the melting temperature, and it is some- 
times modified by adding to it the latent 
heat of fusion. This operating parameter is 
related to the heat source strength, but it 
does not account for the distribution of 
energy to the workpiece. 

The dimensionless quantities repre- 
sented by Equations 4 and 5 were used to 

Table 3-Electron Beam Test Conditions 

Stainless Steel Al 
- - 

Speed Current EL Speed Current EL 
Weld (rnrn/s) (mA) (Jlmrn) (mrnh) (mA) (Jlmrn) 

1 3.5 55 3.0 47 
2 6.4 7.0 110 6.4 6.0 94 
3 14.0 220 12.0 189 
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Table &Weld Pool Dimensions (rnm) 

Weld 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
2 1 
22 
23 
24 
25 
26 
27 
28 
29 
30 

Depth 
(mm) 

1.16 
4.22 
8.10 
0.51 
1.30 
5.20 
0.61 
1.68 
3.60 
0.46 
0.95 
2.05 
0.39 
0.73 
1.29 
0.24 
0.44 
0.67 
0.15 
0.23 
0.30 
0.060 
0.088 
0.15 
0.040 
0.060 
0.095 

x 
x 

0.040 

Stainless Steel 

Width 
(mm) 

2.10 
2.40 
2.70 
1.36 
1.70 
2.28 
1.08 
1.46 
1.80 
0.96 
1.16 
1.46 
0.67 
0.93 
1.26 
0.50 
0.84 
1.22 
0.38 
0.77 
1 .O5 
0.27 
0.70 
1 .O5 
0.14 
0.46 
0.95 

x 
x 

0.90 

Length 
(mm) 

2.30 
2.80 
6.00 
1.80 
3.20 
4.60 
1.50 
3.10 
5.30 
1.60 
3.40 
4.50 
1.71 
3.10 
3.90 
1.16 
2.81 

x 
1.10 
2.73 

x 
0.86 
1.63 

x 
0.2 
0.39 

x 
x 
x 
x 

Depth 
(mm) 

0.85 
4.05 

12.0 
0.75 
3.40 

10.5 
0.61 
3.10 
8.10 
0.49 
1.86 
4.95 
0.39 
1.08 
3.10 
0.35 
0.99 
1.40 
0.30 
0.70 
0.88 
0.25 
0.36 
0.55 
0.10 
0.15 
0.23 
x 
x 

0.10 

Al 

Width Length 
(mm) (mm) 

1.66 1.2 
2.20 2.10 
3.20 3.90 
1.40 1.10 
1.92 1.91 
3.16 3.50 
1.24 0.81 
1.88 2.22 
2.54 3.74 
1.00 0.76 
1.50 1.93 
2.20 2.80 
0.84 0.78 
1.44 1.88 
2.10 3.90 
0.76 0.45 
1.38 1.70 
1.85 4.23 
0.70 0.48 
1.30 1.70 
1.65 4.50 
0.66 0.40 
1.20 1.55 
1.42 5.25 
0.30 0.25 
0.70 0.78 
1.20 2.97 

x x 
x x 

0.91 2.35 

compare the characteristics of the EB 
welds by plotting the dimensionless vari- 
ables vs. the operating parameter on Log- 
Log coordinates. 

The dimensionless depth vs. the oper- 
ating parameter is plotted in Fig. 2A for the 
A1 alloy welds. These data show that the 
EB power level influences D* under con- 
stant operating parameter conditions. . 
Here, the lowest-power welds corre- 
spond reasonably well with the Christen- 
sen, et at., results. However, as the power 
level is increased, the weld penetration 
deviates to higher dimensionless depths 

Fig. I -Schematic 
representation of an 
electron beam weld. 
The length (L), depth 
(D) and width (W) of 

the weld are 
indicated for the 

electron beam 
moving in the 

positive X-direction 
at travel speed S. 

under constant operating-parameter con- 
ditions. Furthermore, at high travel speeds 
(high n), the dimensionless depth de- 
creases to zero. 

The dimensionless width vs. the oper- 
ating parameter is shown in Fig. 2B for the 
Al alloy welds. It is obvious that the EB 
power level also has an effect on W*. 
However, for constant operating param- 
eter conditions, the dimensionless width 
decreases with increasing power level of 
the electron beam. This behavior is oppo- 
site to that of the depth and is related to 
the keyholing effect in the HPD welds. 

Electron Beam 

These graphs clearly demonstrate that 
the dimensionless depth and width de- 
pend on the power level of the electron 
beam for a given operating parameter. 
This inability of n to uniquely define the 
fusion zone shape is related to the fact 
that n is not a direct measure of the energy 
deposited in the workpiece. This is be- 
cause the operating parameter incorpo- 
rates both the travel meed and the Dower 
in its numerator: thus; n increases with in- 
creasing travel speed and n increases with 
increasing power. Therefore, with increas- 
ing travel speed S and fixed power P, n 
would increase, but the dimensionless 
depth would decrease to zero. Indeed, 
the trend would be different if the in- 
crease in n were due to an increase in P at 
constant S. 

A more descriptive measure of the re- 
lationship between the welding parame- 
ters and the depth of penetration incor- 
porates the energy density and power 
density of the electron beam. Since nei- 
ther of these parameters is included in the 
definition of the dimensionless quantities, 
a different interpretation of HPD weld 
behavior is required. 

Energy Density Relationships 

The average energy density in the elec- 
tron beam, Eo = (P/fS), was found to be 
important in identifying relationships be- 
tween the welding power and travel 
speed and weld pool shape. The weld ? 
depth and width all increase with Eo, and 
the following results will show that the 
average energy density in the electron 
beam is sufficient to characterize the weld 
pool depth for low-energy-density welds. 
However, for high-energy-density welds, 
Eo alone is not sufficient to characterize 
the weld pool depth. Under these condi- 
tions, both the average energy density 
and the average power density must be 
considered in describing the fusion zone 
shape. 

The depth and half-width of the EB 
welds are plotted vs. b on Log-Log coor- 
dinates in Figs. 3 and 4. Each of these 
graphs includes three sets of symbols and 
the best-fit lines through each set of sym- 
bols. Each best-fit line identifies the results 
for a constant EB power level,' for which 
the energy density has been varied by 
changing the travel speed of the electron 
beam. At high speeds, the energy density 
is low and the depth of penetration is low. 
At low speeds, the energy density is high 
and the depth of penetration is high. 

The influence of energy density on the 
depth of penetration of the stainless steel 
alloy is shown in Fig. 3A. This plot exhibits 
three energy-density regimes: 1) at energy 

- - 

"Note that a given EB power level corresponds 
to a specific power density, as summarized in 
Table 1. 
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0 - 0.30 kW 0 -0.30 kW 
A - 0.60 kW A - 0.60 kW 

10 7 0-l.20kW - - 

u 
2 w - 
I. 1 r  

- 

0 

0.10 r 
Chrtslensen el al. - - 

ff- 

- 0 Christensen et al. 

0.02 ' ' ' " " ' I  ' ' ' , ' " ' I  ' ' ' " ~ ~ ' 1  ' c , " * '  
0.01 0.10 1 10 100 0.01 0.10 1 10 100 

Fig. 2 -A -Dimensionless depth and B - dimensionless width of the 2024 A1 welds, plotted vs. the operating parameter. Three EB power levels are in- 
dicated and the results are compared with the results of Christensen, et at. (dashed lines). 

densities below 1 J/mm2, no melting is 
observed; the workpiece is rapidly heated 
to a temperature below its melting point 
and rapidly cools to ambient conditions, 2) 
between 1 J/mm2 and 10 J/mm2, the al- 
loy melts and the depth of penetration in- 
creases with increasing energy density. In 
this regime, the energy density alone is 
sufficient to characterize the melt pool 
depth, and the penetration is nearly inde- 
pendent of the power density of the 
electron beam and 3) above 10 J/mm2, 
the depth continues to increase with en- 
ergy density, but the rate at which the 
depth increases with energy density de- 

pends on the power density of the elec- 
tron beam. In this regime, higher power 
densities result in deeper welds, under 
constant energy-density conditions. 

The influence of energy density on the 
fusion-zone half-width of the stainless 
steel alloy is shown in Fig. 3B. The width of 
the EB welds also shows different regions 
of behavior. At low energy densities, the 
width depends on both the energy den- 
sity and the power density of the beam. In 
this regime, the width of the molten zone 
increases with increasing power density 
under constant energy-density conditions. 
As the energy density increases, the weld 

width becomes less dependent on the 
power level under constant energy-den- 
sity conditions. 

The depth and half-width of welds in 
2024 Al are plotted vs. the energy den- 
sity in Figs. 4A and 4B, respectively. The 
results for the aluminum alloy are similar to 
those of the stainless steel alloy. An aver- 
age energy density of approximately 1 J/ 
mm2 is required to initiate melting. As the 
energy density increases above this value, 
the increase in penetration is initially de- 
pendent only on the energy density. How- 
ever, as the energy density increases, the 
penetration depends on both the energy 

Fig. 3 -A - Weld depth and B - weld half-width plotted vs. the average energy density for the 304 stainless steel alloy 

Fig. 4 -A - Weld depth and b - weld half-width plotted vs. the average energy density for the 2024 A1 alloy. 
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Fig. 5 - Weld aspect ratio plotted vs. the average energy density for A - 304 stainless steel and B - 2024 Al. The critical energy density, E*o, is indicated, 
and the dashed lines give the aspect ratio for ideal point-source welds. 

density and the power density of the 
electron beam. 

The Critical Energy Density for 
Distributed-Source to Line-Source Transition 

The results of the preceding section can 
be generalized by plotting the aspect ra- 
tio of the welds vs. the average energy 
density. For convenience, the aspect ratio, 
4, will be defined as the depth of pene- 
tration to the half-width of the EB weld: 

The half-width, rather than the full width, 
is used so that 4 = 1.0 for an ideal point- 
source weld can be used as a reference 
for comparison with other welds. For as- 
pect ratios less than unity, energy is being 
distributed on the surface of the work- 
piece, whereas for aspect ratios greater 
than unity, energy is being deposited be- 
low the surface of the workpiece. 

The aspect ratio of the 304 stainless 
steel alloy welds is plotted vs. the average 
energy density in Fig. 5A. These results are 
compared to a horizontal-dashed line, 
which represents the ideal aspect ratio of 
1.0 predicted by the point-source model. 
It is clear that a transitionin the heat-dis- 
tribution mode occurs at E*o = 10 j/mm2. 
For Eo < E*,,, the aspect ratio is less than 
thatpredicted by the point-source model; 
for ECJ > E*o, the aspect ratio is greater 
than that predicted by the point-source 
model. One exception to this behavior 
occurs for the lowest-power-density 
welds, which maintain an aspect ratio of 
about unity, u to energy densities as high ? as 200 j/mm . 

The aspect ratio of the 2024 A1 alloy 
welds is plotted vs. the average energy 
density in Fig. 5B. These results aresimilar 
to the 304 stainless steel alloy with E*o = 6 
j/mm2. Overall, the aluminum alloy begins 
to keyhole at lower energy densities and 
has higher aspect ratios than the stainless 
steel alloy. The lowest-power-density 
weld also maintabs an aspect ratio close 
to unity for EO > E*o. 

It is clear that a transition in the weld 
behavior occurs at b of about 10 j/mm2 
in the stainless steel alloy and about 6 
J/mm2 in the Al alloy. This transition value 
will be defined as the critical energy den- 
sity, E*o, and it represents the ED for the 
transition from distributedto line heat-dis- 
tribution modes. For Eo < E*o, the EB welds 
have characteristics of a distributed heat 
source with aspect ratios less than unity. In 
this regime, lower energy densities result 
in lower-aspect-ratio welds. For Eo > E*o, 
the welds are characteristic of line-source 
heating, and the depth of the line in- 
creases with increasing energy density. 
The power density also plays a role with 
respect to the heat input mode. Above 
E*o, the aspect ratio increases withEo and 
with Po such that, at low values of Po, the 
heat-input mode can be simulated as a 
point source, with weld aspect ratios 
equal to 1 .O; however, at high power lev- 
els, the heat input must be simulated by a 
line source, with weld aspect ratios 
greater than 1 .O. 

Discussion 

Penetration Based on Point-Source and 
Line-Source Theory 

The relationships between the depth of 
penetration and the energy input for ideal 
point-source heating and ideal line-source 
heating will first be presented. These pre- 
dictions will then be used as references for 
interpretation of the experimental results. 

The depth of penetration for point- 
source welds can be determined from the 
solution for the temperature distribution 
surrounding a point heat source in a semi- 
infinite plate that is moving at speed S in 
the X direction (Ref. 1): 

where T - To is the temperature rise in 
the workpiece, R is the radial distance 
from the heat source, and X is the distance 
behind the heat source. Substituting the 

liquidus temperature, TM, for T, yields a 
specific relation for the melt isotherm; 
points on the melted isotherm are de- 
noted by a subscript M. 

A second subscript, B, will be used to 
further indicate the points of the melt iso- 
therm that lie on the melt boundary 
(sometimes referred to as the melt pe- 
riphery). This melt boundary is the locus of 
points that define the maximum girth of 
the melt isotherm, and this feature is the 
weld pool 'shape' that is observed in a 
metallographic cross-section. 

The maximum penetration lies on the 
melt boundary, and can be determined 
from the following equations (which are 
reviewed in the appendix): 

where RMB is the radial distance from the 
point source to the melt boundary and is 
defined by the following relationship: 

and where XMB is the distance of the melt 
boundary behind the heat source: 

Note that RMB can be calculated from 
Equation 9 using an iterative approach, 
given set of material properties (a, k, QM) 
and processing parameters (P, S). 

Using these equations, the maximum 
depth of penetration can be calculated 
from the welding parameters and the 
thermal properties of the workpiece. Fur- 
thermore, the variation in D, for a wide 
range of processing parameters and ma- 
terial properties, can be conveniently 
shown using the following dimensionless 
groups (Ref. 6): 

P sw - and -. 
D k 9 ~  a 
The first parameter, which includes the 
power-to-depth ratio, will be plotted on 
the Y-axis. The second parameter is di- 
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rectly proportional to the weld width and 
travel speed, and will be plotted on the X- 
axis. 

The variation of P/(DkeM) with (SW/a), 
as determined by Equations (8-10) for a 
point source, is shown as the dashed line 
in Fig. 6. Two regimes and a transition be- 
tween these regimes are apparent from 
this curve. At low values of the X-axis di- 
mensionless group (low travel speeds), 
the point-source relationship asymptoti- 
cally approaches a slope of zero at a Y-axis 
value of 2ir. At high values of the X-axis 
dimensionless group (high travel speeds), 
the curve approaches a slope of unity. 

The variation of P/(DkeM) with (SW/a) 
for the line-source equation was derived 
for a conical-shaped fusion zone by Giedt 
and Tallerico (Ref. 6), and is plotted as the 
solid line in Fig. 6. For high X-axis values, 
the line-source curve also approaches a 
slope of unity; and for low X-axis values, 
the curve approaches a slope of zero. This 
behavior is similar to that of the point- 
source theory, with the exception that 
line-source heating results in lower Y-axis 
values for a given X-axis parameter. Since 
the Y-axis is inversely proportional to the 
depth of penetration, the line-source the- 
ory predicts deeper penetrationsfor welds 
operating in the line-source mode than for 
those in the point-source mode. 

Predicting the Penetration of EB Welds 

Relationships between the dimension- 
less groups of Equations 1 l a  and 11b can 
be used to predict weld depth only if the 
weld width is known. Since the weld 
width is not known a priori, an approxi- 
mation of the weld width must be made 
in order to predict the weld depth. As an 
alternative approach, it is proposed to 
substitute the focal spot diameter, f, for 
the weld fusion zone width; W: i.e., to 
specify the independent X-axis coordinate 
as: 

/ 

L~ine-source Theory 

Fig. 6 -Relationship 
between the 
welding parameters, 
material properties 
and weld pool 
shape for 
point-source heating 
(dashed line) and 
line-source heating, 

This definition was used because: 1) f can 
be easily measured prior to making the 
weld and 2) f is related to the energy den- 
sity incident on the surface of the base 
metal substrate. 

All of the EB data are plotted in Figs. 7A 
and 7B using X = (Sf/a). In these graphs, 
large values of the X-axis dimensionless 
group correspond to the welds made at 
high travel speeds, and these have low 
energy densities with shallow penetra- 
tions. Small values of the X-axis dimen- 
sionless group correspond to low travel 
speeds, and these have high energy den- 
sities with deep penetrations. 

Uniform Distributed Source Regime 

The first welds to be analyzed are those 
made at high travel speeds ((Sf/a) > 20 
for the stainless steel alloy and (Sf/a) > 3 
for the Al alloy). These data are fitted by 
a solid line having a slope equal to 1.0 in 
Fig. 7, indicating that the penetration is di- 
rectly proportional to P/Sf. Therefore, the 
penetration can be described by the fol- 
lowing relationship: 

The constant C is different for the two al- 
loys: it was determined to be 2.0 for the 

coordinates. 

stainless steel alloy and 3.6 for the Al alloy, 
where D is in mm, the material-property 
units are summarized in Table 2, and the 
EB parameters are in units of mm, J and s. 

The combination of process parame- 
ters, P/Sf, was previously defined as the 
average energy density of the electron 
beam Eo. By substituting this relationship 
and the relationship (a/(keM)) = ( I /  
pCpeM), the experimentally determined 
penetration of the EB welds can be repre- 
sented by the following equation: 

This equation is simply a different form 
of Equation 13, and indicates that the 
penetration is proportional to the ratio of 
Eo to the amount of heat required to bring 
the alloy to its solidus temperature. This 
result is easily derived from a one-dirnen- 
sional energy balance normal to the sur- 
face of the workpiece by assuming that 
the heat is distributed uniformly on the 
surface of the workpiece and that the 
penetration depth is small compared to 
the focal spot diameter. 

The Al and stainless steel data were fur- 
ther analyzed by including the latent heat 
of fusion, Hf, in Equation 14. This factor 
was incorporated'by defining a new pa- 
rameter,HM, which represents the amount 

Fig. 7 -Electron beam weld results plotted on dimensionless coordinates that incorporate: 1) the power-to-depth ratio on the Y-axis and 2) the product 
of the focal spot diameter and travel speed on the X-axis. A -shows the results of the 304 stainless steel welds; B-shows the results of the 2024 A1 
welds. The solid symbols refer to the line-source welds (4 > 7); the open symbols refer to the distributed- and point-source welds (4 < 1). 
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Fig. 8 -Depth of 
penetration for 

distributed-source 
welds plotted vs. 

the ratio of the 
average energy 

density to the heat 
required to melt 

the alloy. 

304 SST 
0 - 0.35 kW 
A - 0.70 kW 
0 - 1.40 kW 

of energy required to heat the alloy to its 
melting temperature and to subsequently 
melt the alloy: 

Plotting theactual low-energy-density 
weld data vs. b/HM allowed the penetra- 
tion for both the stainless steel and the Al 
alloys to be predicted by one equation. 
These results are shown in Fig. 8, which 
indicates that C = 2.43 and that the data 
have a slope of approximately unity on 
these coordinates. The proportionality 
constant C = 2.43 represents the average 
behavior of both the stainless steel and 
the Al alloys, and the depth of penetration 
takes the following form: 

where D is in mm, the appropriate mate- 
rial property units are summarized in Ta- 
ble 2, and 6 is in j/mm2. 

Point-Source Regime 

The low power welds made at energy 
densities above E*o, follow the trends es- 
tablished for a point source because they 
have aspect ratios close to unity - Fig. 5. 
As indicated in Fig. 7, these welds pene- 
trate less than welds of either the line 
source or the distributed source type un- 
der similar welding conditions. Further- 
more, the variation of Log P/(DkOM) with 

Fig. 9- Depth of 
penetration for the 
point-source welds 

plotted vs. the ratio 
of the average 

energy density to 
the heat required to 

melt the alloy. 

Log Sf/a has a much more shallow slope 
for the point-source welding conditions. 

Figure 9 plots the depth of the actual 
welds that had aspect ratios close to unity 
vs. EO/HM on Log-Log coordinates. Unlike 
the distributed-source welds, these results 
indicate that the stainless steel alloy and 
the Al alloy cannot be described by a sin- 
gle equation on these coordinates. 

Fitting the data presented in Fig. 9 by 
regression analysis yields the following re- 
lation: 

where the constant C was determined to 
be 3.2 for the stainless steel alloy and 3.5 
for the Al alloy, and the slope m was de- 
termined to be 0.36 for the stainless steel 
alloy and 0.28 for the Alalloy. In this 
equation, D is given in mm, Eo is in J/mm2, 
and the appropriate material-property 
units are summarized in Table 2. 

The different relationships for the two 
alloys result from the fact that the widely 
different thermal properties between the 
Al and stainless steel alloys place them in 
different locations in the point-source 
transition region. Figure 6 showed the re- 
lationship between Log P/(DkeM) with 
Log Sf/a for ideal point-source heating At 
high values of the travel speed, the slope 
of this graph approaches 1, while at low 
travel speeds, the slope approaches 0. 
The transition region between the limiting 

slopes occurs for X-axis dimensionless 
group (SW/a) values between 0.2 and 20. 
In this region, there is a nonlinearity on the 
Log-Log coordinates between the depth 
of penetration and the travel speed for 
constant-power welds. This nonlinearity 
makes it difficult to predict the penetration 
behavior of materials with different ther- 
mal properties that have different (SW/a) 
values in this regime. 

The actual point-source-weld data falls 
largely within this transition region; there- 
fore, one would expect the trend in the 
weld pool shape to depend on the spe- 
cific value of the X-axis dimensionless 
group for these welds. Also, because of 
the large difference in thermal diffusivities 
between the SST and the Al alloys, the X- 
axis values for these two alloys are sepa- 
rated by about a factor of 15 for identical 
welding conditions. Thus, the relationship 
between penetration and travel speed for 
a given power level is different for these 
two alloys, and leads to the different co- 
efficients for Equation 17. Furthermore, 
extrapolation of the penetration predic- 
tions beyond the measured values repre- 
sented by Equation 17 would not neces- 
sarily lead to good estimations of the weld 
depth. 

1.0 

Line-Source Regime 

304 ss 
0- 0.35 kW 

point-source 

2024 Ai 
A- 0.30 kW 0 - - 

The moving-line heat-source equation ,--, 
used by Giedt and Tallerico (Ref. 6) as- 
sumes a conical-shaped fusion zone of 
width W at the surface of the workpiece. 
The mathematical description of this 
model yields the same two dimensionless 
groups that were used to represent the 
point-source welds in Equations 1 l a  and 
11b. 

Using these equations, Giedt and Tall- 
erico compared the results of actual key- 
hole penetration welds in several different 
alloys (Ref. 6), and they developed the 
following empirical relationship from their 
observations: 

E 
E - 
0 

This relationship has a slope of 0.625 
when the dimensionless groups are plot- 
ted on Log-Log coordinates, and it corre- 
lates well with their line-source-theory 
model over the range of parameters in- 
vestigated. 

In Figures 7A and 7B, the solid symbols 
represent the welds that behaved in a 
keyhole mode with aspect ratios greater 
than 1.0. The slope of 0.625 on these co- 
ordinates (determined by Giedt and Tall- 
erico) is drawn through the solid symbols 
for comparison. This slope also fits the ex- 
perimental keyhole welds of this investi- - 
gation, and this slope was used to derive 
a relationship between penetration and 
the EB parameters for keyhole welds pro- 
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duced in this study. 
The depth of only the keyhole welds 

(solid symbols in Figs. 7A and 7B) are 
replotted in Fig. 10 vs. a "power factor" 
that incorporates the 0.625 slope. From 
this graph, the following relationship was 
derived for the penetration: 

Again, D is in mm, the material property 
units are summarized in Table 2, and the 
EB parameters are in units of mm, J and s. 
The constant factor C is 5.3, which is sim- 
ilar to the value of 3.3 determined by 
Giedt and Tallerico. The larger value found 
in this study results from the use of the fo- 
cal spot diameter, f, instead of the surface 
fusion zone width, W. 

Summary of EB Penetration Regimes 

In summary, the results of this investi- 
gation indicate that the heating effect of 
an electron beam can behave in one of 
three different modes, depending on the 
energy density and power density of the 
electron beam. 

The distributed-source welds have the 
lowest aspect ratios, and these can be 
modeled by a one-dimensional heat flow 
approximation. These welds are made at 
low energy densities (high travel speeds), 
where the heat diffuses primarily normal 
to the surface of the workpiece. The 
depth of penetration of these welds is 
given by Equation 16; it is directly propor- 
tional to the average energy density of the 
electron beam. 

Welds that can be simulated by point- 
source heating have intermediate aspect 
ratios and are made at higher energy den- 
sities but at low enough power densities 
to prevent the formation of a vapor cav- 
ity. These welds have aspect ratios on the 
order of unity, which is characteristic of 
three-dimensional heat diffusion, and they 
can be modeled by the point-source the- 
ory. However, this theory indicates highly 
nonlinear behavior between weld pool 
shape and the typical welding parameter 
regime where point-source heating oc- 
curs. Because of this nonlinearity, the vari- 
ation of depth with travel speed is related 
to the thermal properties of the work- 
piece. Therefore, separate equations are 
required to describe the penetration in Al 
and stainless steel alloys, as summarized 
by the different coefficients for the Al and 
stainless steel alloys in Equation 17. 

Welds that can be simulated by line- 
source heating have the highest aspect 
ratios, and these welds are made at high 
energy densities and high power densities. 
These conditions create a vapor cavity 
and allow the heat to be deposited below 
the surface of the workpiece. These line- 
source welds are characterized by deep 

Fig. 70 -Depth of 
penetration for the 
line-source welds 
plotted vs. a 
dimensionless 
coordinate that 
incorporates the 
findings of Ciedt and 
Tallerico /Ref 6). 

penetrations, and the heat diffusion is pri- 
marily radially away from the line source 
in two dimensions. These welds occur 
when the energy density exceeds the 
critical value (-10 J/mm2) and when the 
power density also exceeds a critical value 
of about 4 to 5 kW/mm2. Under these 
conditions, the depth of penetration can 
be estimated by the relatively simple em- 
pirical relationship of Equation 19. 

Conclusions 

1) The influence of the EB welding pa- 
rameters on the weld pool shape was de- 
termined for three power densities and 
for a wide range of energy densities. Fig- 
ure 5 summarizes these findings by plot- 
ting the weld aspect ratio as a function of 
the average energy density for three dif- 
ferent power densitybeam~ These re- 
sults show that both Eo and Po can influ- 
ence the weld pool shape. 

2) The average energy density can be 
used to predict the transition from welds 
characteristic of a distributed heat source 
to those characteristic of a line heat 
source. For energy densities below a crit- 
ical value (Eo < E*o), the welds can be 
simulated by distributed-source heating 
(4 < 1). In this regime, the penetration 
depends primarily on Eo. For energy den- 
sities above the critical value (Eo > E*o), 
the welds can be simulated by 1) line- 
source heating (# > 1) for high-power- 
density beams or 2) point-source heating 
(4 - 1) for low-power-density beams. In 
this high-energy-density regime, the depth 
of penetration depends on both Eo and Po. 

3) The critical energy density which 
separates the different heating modes, 
was shown to be a material-dependent 
parameter. This parameter was deter- 
mined from the aspect ratio of the welds 
to be 6 J/mm2 for 2024 Al and 10 J/mm2 
for 304 stainless steel. 

4) Empirical relationships were devel- 
oped between the penetration depth and 
the EB welding parameters for the distrib- 
uted, point and line source heating modes. 
These relationships are presented in Equa- 
tions 16, 17 and 19, respectively, and they 
can be used to predict the penetration 

depth of EB welds over a wide range on 
material processing parameters. 
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Appendix 

Moving-Point-Source Depth of Penetration 

The quasi-steady temperature distribu- 
tion around a point source moving at ve- 
locity S along the surface of a semi-infinite 
solid is given by 

where the heat source is moving in 
the positive X direction and R =  
(X2 + Y2 + Z2)Il2. 

The temperature field represented by 
this relation can be visualized as a series of 
isothermal surfaces that are oval in shape, 
similar to one-half of an eggshell. The re- 
gion enclosed by the melt isotherm, 
OM = TM - To, is the fusion zone, and this 
can be used to determine the maximum 
penetration, D, for a given set of welding 
parameters. This point occurs on the melt 
boundary, which is the furthest advance- 
ment of the liquid/solid interface from the 
point source. 

The maximum distance of any isotherm 
below the surface will occur along the 
centerline of the weld at Y = 0. This loca- 
tion can be determined by setting the 
partial derivative of 6 with respect to X 
equal to zero. The partial derivative of the 
point-source equation with respect to X is: 

which can be solved for the maximum 
depth of penetration when it is evaluated 
on the melt isotherm. Using the subscript 
M to denote points that lie on the melt 
isotherm and rearranging terms gives the 
following expression: 

which is equal to zero when the following 
algebraic equation is satisfied: 

This result can be arranged to give the 
following convenient relationship be- 
tween the distance behind the heat 
source, XMB, and the radial distance, RMB, 
from the point source to the melt bound- 
ary. The second subscript, B, indicates 
those points on the melt isotherm that also 
lie on the melt boundary: 

Note that this equation cannot be solved 
directly for XMB, since XMB is a function of 
RMB = (xMB2 + YMB2 + z ~ ~ ~ ) ~ ' ~ .  Also note 
that this expression does not directly 
involve the welding power or the material , 
properties. 

Equation A5 gives a relationship for the 
semicircular shaped liquid/solid boundary 
that would be observed in a metallo- 
graphic cross-section of an ideal point- 
source weld. The maximum penetration is 
located on this boundary, and it is equal to 
ZMB when YMB = 0. Therefore, one addi- 
tional equation is required to solve for the 
maximum penetration. 

Returning to the moving-point-source 
equation, XMB is eliminated by substituting 
its value from Equation A5. By further set- 
ting T = TM, the following expression for 
RMB can be derived: 

where RMB must be determined using an 
iterative approach. 

Once the radial distance to the melt 
boundary has been determined from 
Equation A6, XMB can then be calculated 
from Equation AS. Finally, the maximum 
depth of penetration can be calculated 
from the Pythagoren identity: 
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